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Mercury intrusion is frequently used for the characterization of porous materials, giving access to parameters such as porosity and pore size
distribution as well as density (skeletal and bulk).The present work aims at studying the suitability of the mercury intrusion technique to evaluate
the pore structure and related information of different kinds of woods used for pulp production, pulp handsheets and commercial paper sheets.
Differences in wood structure, pulp composition and paper composition and structure could be easily detected by changes in the measured
parameters, thus enabling a better understanding and/or prediction of the behaviour of these materials.
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Mercury porosimetry continues to be the technique of
choice in many applications in which knowledge of porosity is
critical. In addition, this technique can provide measurement
derived values such as pore size distribution, density and
surface area. Nevertheless, the number of studies devoted to the
application of this technique to determine the pore structure of
wood, pulp and paper is still limited, the exception being the
characterization of some specific papers and pigment coatings
[1–5].
This work focuses on the applicability of the mercury
intrusion technique to the study of the porosity and pore size
distribution of samples of wood, of pulp sheets produced in
laboratory and of commercial paper sheets. The study of the
wood aims at a better knowledge of the wood structure, for
instance to anticipate the liquor impregnation ability in the
pulping stage. In the case of the sheets, the objective is to
evaluate the suitability of the mercury intrusion technique to
follow the influence of several parameters as for example the
raw material composition or the sizing on the fibre network
porous structure in order to predict or ultimately interpret the0032-5910/$ - see front matter D 2005 Elsevier B.V. All rights reserved.
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E-mail address: mmf@eq.uc.pt (M.M. Figueiredo).final paper performances like, for instance, absorptivity and
printability.
2. Theory
The principle of this technique [6] is based on the fact that
mercury does not wet most substances and, therefore, will not
penetrate pores by capillary action, unless it is forced to do so.
Liquid mercury has a high surface tension (c) and also exhibits
a high contact angle (h) against most solids. Entry into pore
spaces requires applying pressure (P) in inverse proportion to
the pore diameter (D), according to:
D ¼  4ccosh
P
: ð1Þ
For the present study, a contact angle of 137- and surface
tension of 0.52 N/m were used [7], and thus Eq. (1) reduces to:
D ¼ 1:52 10
6
P
ð2Þ
where D is expressed in Am and P in Pa. In mercury
porosimetry, the sample is first evacuated, then surrounded
with mercury and, finally, pressure is applied to force mercury
into the void spaces whilst monitoring the amount of mercury
intruded. Data of intruded volume of mercury versus applied
pressure are obtained and the pressures are converted to pore0 (2005) 61 – 66
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Fig. 1. Cumulative (A) and differential (B) pore size distributions obtained for
different kinds of wood using mercury intrusion.
Table 1
Total porosity and skeletal density of the woods illustrated in Fig. 1
E. globulus
wood
B. verrucosa
wood
P. sylvestris
wood
Total porosity (%) 52.6 54.6 48.7
Skeletal density (g/cm3) 1.43 1.45 1.29
M.J. Moura et al. / Powder Technology 160 (2005) 61–6662sizes using Eq. (2). The fact that these equations assume pores
with cylindrical geometry is one of the major drawbacks of the
technique.
In addition to porosity, mercury porosimetry is often used
to perform measurements of density: bulk density and
skeletal density [6]. Bulk density is defined as the unit
weight per unit volume of a material after the volume of the
largest open pores has been subtracted. In the present study,
the typical value for the largest pore included in the bulk
density is approximately 200 Am (which corresponds to an
intrusion pressure of about 7 kPa (1 psia)). Skeletal density is
usually computed after the volume of all pores larger than
those measured at maximum intrusion pressure have been
excluded from the volume presumed occupied by material. In
this work, the highest intrusion pressure was 207 MPa
(30000 psia), corresponding to pores of about 0.007 Am in
diameter.
3. Materials
The samples tested by mercury intrusion consisted of wood,
laboratory handsheets and commercial paper sheets. All themeasurements were performed in the Poresizer 9320 from
Micromeritics.
The porosity of different woods–two hardwoods (Eucalyp-
tus globulus and Betula verrucosa) and one softwood (Pinus
sylvestris)–was assessed by using several chips per measure-
ment. As for the pulp laboratory sheets and for the commercial
paper sheets, small square samples (11 cm) were used,
corresponding to a total weight of approximately 0.5 g. For
each sample (wood or sheet), measurements were repeated, on
average, three times. The corresponding mean results will be
presented in the following discussion.
The laboratory sheets were prepared in accordance with the
ISO 5269/1 standard using E. globulus, B. verrucosa and P.
sylvestris kraft pulps, subsequently bleached by a conventional
ECF sequence (DEDED) and finally beaten in a PFI mill so
that 30 SR number was reached. The effect of surface sizing
was evaluated with the E. globulus handsheets, sized in
laboratory.
Regarding the commercial printing and writing uncoated
papers, four samples, which include some of the above
mentioned species, were selected: PW1 (80% E. globulus
and 20% P. sylvestris), from Iberia Peninsula; PW2 (60% B.
verrucosa and 40% Fagus sylvatica) and PW3 (50% P.
sylvestris and 50% B. verrucosa), from Northern Europe; and
PW4 (100% E. grandis), from South America.
4. Results and discussion
Fig. 1 shows a typical plot of the cumulative (A) and
differential (B) pore size distributions obtained for each kind of
the wood investigated. The changes observed in this figure
naturally reflect the structural differences of the woods under
study. All woods exhibit a peak on the left side (with a mode
around 30 Am) representing the penetration of the mercury into
large cells (vessels in the case of hardwoods and resin ducts or
cavities in the softwoods). Concerning the vessels of the
hardwoods, considerable differences can be expected between
eucalypt and birch: in some eucalypt species, there is an abrupt
transition from very large vessels in earlywood to narrow
vessels in latewood, originating a broad size distribution (20–
300 Am) while for the birch wood, the vessels are relatively
smaller and more uniform [8]. This is in agreement with the
results of the porograms of Fig. 1 where a larger and narrower
peak was found in the region of the larger pores of the birch
and a broader although smaller peak was detected for the
eucalypt (this peak probably does not include some of the
larger vessels since their diameter is beyond the maximum limit
of the porosimeter used).
The peaks exhibited by the woods in the range of the small
diameters most certainly correspond to the intrusion into the
0.0
0.2
0.4
0.6
0.8
0.010.11101001000
Pore diameter, µm
D
iff
er
en
tia
l i
nt
ru
sio
n,
 m
L/
g
Laboratorial handsheet
Commercial paper sheet
Fig. 4. Differential intrusion curves for a laboratory handsheet and a
commercial paper sheet produced both with an E. globulus bleached kraft
pulp and sized on the two sides.
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Fig. 2. Differential intrusion curves for an E. globulus bleached kraft pulp
handsheet, unsized (US) and after surface sizing on both sizes (SB).
M.J. Moura et al. / Powder Technology 160 (2005) 61–66 63fibres and the tracheids composing most of the hardwood and
softwood xylem, respectively. The adequate interpretation of
these results requires, however, some knowledge of the
physical constitution of the wood as well as of the mercury
porosimetry operating principle and data handling (based on
cylindrical pores). In fact, from the plots of Fig. 1, it can be
concluded that whereas the pore sizes measured for the larger
cells are of the same order of magnitude of the vessels, the
sizes of the smaller pores are much smaller than the real values
of the corresponding fibre or tracheid lumens (tracheids width
varies from 30–45 Am and fibres width is about 14 Am [8–11].
This is a consequence of the limitation of the mercury intrusion
method, known as the ‘‘ink-bottle’’ effect [6]. As a matter of
fact, whereas the vessels are normally open ended cylinders,
fibres are non-cylindrical pores where mercury can enter only
through the restricted necks in their walls (pits). Therefore, the
volume intruded will be assigned to the pit diameter and not to
the lumen diameter. The literature refers that, the pits of the
softwood tracheids are larger than those of the eucalypt fibres
whose pit diameters are smaller than 1 Am [12]. The
appearance of the double peak is certainly related with the0.0
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Fig. 3. Differential intrusion curves for an E. globulus bleached kraft pulp
handsheet, surface sized only on the top side (ST), only on the wire side (SW),
and on both sides (SB).existence of a pit membrane, requiring slightly higher intrusion
pressures. Nonetheless, the total porosity (listed in Table 1),
being calculated from the total intrusion volume, is indepen-
dent of pore shape.
With respect to the eucalypt wood, this value has been
confirmed by other independent measurements [11,13]. Table 1
summarizes the results obtained from mercury porosimetry
regarding the skeletal density (obtained for the highest
intrusion pressure), showing that the lowest value of density
corresponds to the pine wood, being the values of the two
hardwood species (E. globulus and B. verrucosa) very similar.
This is in agreement with the values of porosity and is most
certainly related to the differences between hardwood and
softwood woods, not only in structure (different number, size,
wall thickness and void of its constituent cells) but also in
chemical composition (different percentages of cellulose,
hemicelluloses, lignin, wood extractives or other extraneous
substances). The literature also reports that, in general, basic
wood specific gravity of softwoods is smaller than hardwoods
[14].
The results selected to show the suitability of the mercury
intrusion technique when applied to the characterization of
pulp handsheets can be divided in two groups: one where the
effect of surface sizing is investigated and the other where the
influence of the furnish composition is evaluated.
Fig. 2 presents the pore size distribution of an E. globulus
bleached kraft pulp handsheet, before and after surface sizing
on both sizes. As can be seen, this operation clearly reduces the
total pore volume, thus causing a general decrease in porosityTable 2
Total, surface and internal porosity of a laboratory handsheet and a commercial
paper sheet (both produced with an E. globulus bleached kraft pulp and sized
on the two sides)
Laboratory handsheet Commercial paper sheet
Total porosity (%) 41.6 37.2
Surface porosity(a) (%) 13.5 10.5
Internal porosity(b) (%) 28.1 26.7
(a) Pores larger than 10 Am; (b) pores smaller than 10 Am.
Table 3
Mercury intrusion data obtained for handsheets of E. globulus and P. sylvestris
bleached kraft pulps
E. globulus handsheets P. sylvestris handsheets
Total porosity (%) 47.6 47.7
Skeletal density(a) (g/cm3) 1.50 1.42
Bulk density(b) (g/cm3) 0.78 0.74
Bulk(c) (g/cm3) 0.78 0.74
(a) Measured at P=207 MPa; (b) measured at P7 kPa; (c) according to the
ISO 534 standard.
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Fig. 5. Cumulative intrusion curves for E. globulus bleached kraft pulp
handsheets without (US) and with surface sizing, using 3 distinct sizing agents
(SH1, SH2, SH3).
M.J. Moura et al. / Powder Technology 160 (2005) 61–6664(48.6% and 41.6%, respectively for the unsized and the sized
handsheets).
In fact, besides the attenuation of the largest peaks
originated by the sizing, the intermediate peak almost vanished.
In order to examine the origin of this peak, which is
systematically found for the unsized handsheets prepared in
the laboratory in accordance with the ISO 5269/1 standard,
handsheets sized only on the top side, sized only on the wire
side and sized on both sides were analysed. Considering as
reference the unsized handsheet, the results plotted in Fig. 3
reveal that sizing on the top side (the one with the smoother
surface) produces a small decrease of the intermediate peak,
contrary to sizing on the wire side, which effectively attenuates
this peak. It is thus reasonable to conclude that the intermediate
peak corresponds to pores predominantly located near close the
rougher side of the handsheets.
Comparing now a laboratory handsheet and a commercial
paper sheet, both produced with the same pulp furnish and
sized on the two sides (Fig. 4), it is evident that the pore size
distribution of both is clearly bimodal. In these curves, two0.0
0.2
0.4
0.6
0.8
1.0
0.010.11101001000
Pore diameter, µm
D
iff
er
en
tia
l i
nt
ru
sio
n,
 m
L/
g
PW 1
PW 2
PW 3
PW 4
Fig. 7. Differential intrusion curves for various commercial printing and writing
paper: PW1—E. globulus based paper; PW2—B. verrucosa based paper
PW3—P. sylvestris and B. verrucosa based paper; PW4—E. grandis based
paper.
0.0
0.2
0.4
0.6
0.8
1.0
0.010.11101001000
Pore diameter, µm
D
iff
er
en
tia
l i
nt
ru
sio
n,
 m
L/
g
E. globulus handsheet
P. sylvestris handsheet
Fig. 6. Differential intrusion curves for handsheets of E. globulus and P.
sylvestris bleached kraft pulps.types of porosity can be detected: pores larger than approxi-
mately 10 Am, predominantly located at the surface and
therefore currently assigned to the surface porosity, and pores
smaller than 10 Am, corresponding to the internal porosity
[15,16]. The respective values, considering 10 Am as a
transition limit, are listed in Table 2, together with the
corresponding values of the total porosity of both sheets.
Mercury porosimetry was also found to be a useful tool for
comparing the performance of distinct surface sizing agents as
demonstrated by the results of Fig. 5. From this figure it can be
concluded, on the one hand, that the total porosity of the
surface sized handsheets is smaller than that of the unsized
handsheet, as expected, and, on the other hand, that the
effectiveness of the surface sizing agent 1 in reducing sheet
porosity is greater than that of the sizing agents 2 and 3.
In order to illustrate the influence of the pulp composition
on the mercury porosimetry measurements, the differential
intrusion curves corresponding to handsheets from two distinct
bleached kraft pulps, one from a short fibre pulp (E. globulus)
and the other from a long fibre pulp (P. sylvestris) are plotted in
Fig. 6. Although having similar values of porosity (Table 3),
these two handsheets exhibit different internal structures, as
can be seen from the distinct peak location: the surface pores of
the pine handsheet are larger than those of the eucalypt
handsheet. These findings are in agreement with the well
known better smoothness performance of the eucalypt hand-
sheets. Moreover, in the latter, the contribution of the internal;
Table 4
Mercury intrusion data obtained for the commercial papers of Fig. 7
PW1 paper PW2 paper PW3 paper PW4 paper
(80% E. globulus;
20% P. sylvestris)
(60% B. verrucosa;
40% Fagus sylvatica)
(50% P. sylvestris;
50% B. verrucosa)
(100% E. grandis)
Total porosity (%) 54.2 52.7 53.7 50.7
Surface porosity(a) (%) 15.8 16.4 17.2 10.8
Internal porosity(b) (%) 35.3 33.0 32.8 37.2
Dsurface pore (Am) 22.1 21.9 24.4 16.5
D internal pore (Am) 1.68 1.49 1.51 1.61
Skeletal density(c) (g/cm3) 1.60 1.58 1.62 1.59
(a) Pores in the range 10–100 Am; (b) pores in the range 0.1–10 Am; (c) measured at P=207 MPa.
M.J. Moura et al. / Powder Technology 160 (2005) 61–66 65porosity to the total porosity is more relevant than in the pine
handsheet, confirming the positive influence of the short fibres
on the paper specific volume. Also interesting to note is the fact
that in both curves of Fig. 6, corresponding to unsized
handsheets, the above mentioned intermediate peak is visible,
being more evident in the case of the pine handsheet.
The adequacy of mercury intrusion porosimetry for quan-
tifying other parameters, namely the skeletal and bulk density,
is also demonstrated by the results of Table 3. Similarly to the
results of the wood (Table 1) the skeletal density of E. globulus
is higher than that of P. sylvestris, also for the pulp sheets being
both higher than the respective wood skeletal densities. Worth
mentioning is the remarkable agreement between the values
obtained for the bulk density by mercury porosimetry and byPW1
PW4PW3
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Fig. 8. Correlations between pore structure and paper properties of the
commercial papers whose characteristics are illustrated in Fig. 7 and Table 4.the standard method (ISO 534), which demonstrates the
suitability of this technique. (In another previous study,
unpublished, comprising many different never-dried E. globu-
lus pulp sheets, the authors found a good correlation between
both methods (r2=0.97), the variance of the standard method
being slightly smaller. However, unlike mercury porosimetry,
the standard method does not provide any further information).
Finally, four commercial uncoated printing and writing
paper sheets with different compositions were analysed with
this technique, being the results compared in Fig. 7 in terms of
pore size distributions. Contrary to the pulp sheets, the
differences resulting from the different compositions and paper
making processes are greatly reduced in the paper sheets (the
exception being the paper produced with E. grandis (PW4)
which exhibits smaller and less surface pores).
These small differences, reflected in the similarity of the
total, surface and internal porosity (Table 4) lead, however, to
distinct paper performances with respect to properties which
depend on the porous structure of the sheet, namely the air
permeability and roughness [16]. As shown in Fig. 8, this
behaviour can be explained in terms of the pore diameters,
respectively, the internal pore diameters for the air permeability
and the surface pore diameters for the roughness.
The skeletal density of the various paper sheets is, as
expected, higher than that of the pulp sheets being in perfect
agreement with the papers filler contents [16] (data not shown).
5. Conclusions
The present work has demonstrated the ability of mercury
porosimetry to characterize the porous structure of materials
like wood, and pulp and paper sheets. This technique not only
provides information about the sample total pore volume,
which enables the evaluation of porosity and density, but also
about pore size distribution. Some caution is, however,
required in data interpretation of the size distribution curves
since the theory behind the conversion of applied pressures into
pore diameter assumes these as perfect cylinders, which is
obviously an approximation in the present case. Previous
knowledge of the materials’ structure facilitates the interpreta-
tion of these size curves.
For the case of the woods, the pore size distribution curves
clearly denote the structural differences of the various xylems.
Concerning the pulp sheets, the effect of the raw materials
M.J. Moura et al. / Powder Technology 160 (2005) 61–6666and surface sizing is also evident. Finally, and despite the
small differences detected in the porosity of distinct com-
mercial papers it was possible to establish some correlations
between the pore structure (pore diameter) and papers’
performance.
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